Tumor necrosis factor -related apoptosis-inducing ligand (TRAIL), a tumor necrosis factor superfamily member, targets death receptors and selectively kills malignant cells while leaving normal cells unaffected. However, unlike most cancers, many osteosarcomas are resistant to TRAIL. To investigate this resistance, we characterized the response of MG-63 osteosarcoma cells and hPOB-tert osteoblast-like cells to TRAIL and agonist antibodies to death receptor 4 (DR4) and death receptor 5 (DR5). We found that MG-63 osteosarcoma cells and hPOB-tert osteoblast-like cells show no or very little response to TRAIL or a DR4 agonist, but MG-63 cells undergo apoptosis in response to a DR5 agonist. Analysis of TRAIL receptor expression showed that normal osteoblastic and osteosarcoma cells express a variety of TRAIL receptors but this does not correlate to TRAIL responsiveness. Production of the soluble decoy receptor osteoprotegerin also could not explain TRAIL resistance. We show that TRAIL activates the canonical caspase-dependent pathway, whereas treatment with cycloheximide increases the sensitivity of MG-63 cells to TRAIL and anti-DR5 and can also sensitize hPOB-tert cells to both agents. Proapoptotic and antiapoptotic protein expression does not significantly differ between MG-63 and hPOB-tert cells or change following treatment with TRAIL or anti-DR5. However, sequencing the death domain of DR4 in several osteoblastlike cells showed that MG-63 osteosarcoma cells are heterozygous for a dominant-negative mutation, which can confer TRAIL resistance. These results suggest that although the dominant-negative form of the receptor may block TRAIL-induced death, an agonist antibody to the active death receptor can override cellular defenses and thus provide a tailored approach to treat resistant osteosarcomas. [Mol Cancer Ther 2007;6(12):3219 -28] 
Introduction
Osteosarcoma is the most common malignant bone cancer in youth, the third most common malignancy in children and adolescents, and accounts for 35% of all primary bone malignancies. Before 1970, osteosarcomas were treated with amputation and survival was poor, with 80% of patients dying from metastatic disease. With improvements in chemotherapy protocols, surgical techniques, and radiologic staging studies, long-term survival and cure rates have increased to 60-80% in patients with localized disease. However, major problems associated with chemotherapy still remain, particularly about the frequent acquisition of drug-resistant phenotypes; the associated cytotoxic effects of chemotherapy on normal tissues and organs also remain a serious drawback. Thus, there is a pressing need to develop alternative approaches to osteosarcoma treatment.
Tumor necrosis factor -related apoptosis-inducing ligand (TRAIL) is produced by activated T cells and is expressed as a type 2 transmembrane protein, which can be proteolytically cleaved from the cell surface (1, 2) . TRAIL induces apoptosis of various transformed cells in vitro and has specific antitumor activity in vivo, and it has therefore been hailed as a promising new therapy for many cancers (3, 4) . Previous reports have shown that at least 50% of all human cancer cell lines tested from a variety of tissues are sensitive to the apoptotic effects of TRAIL in vitro, whereas most normal cells, including osteoblasts (5) , are resistant. However, many osteosarcoma cells respond poorly to the cytotoxic effects of TRAIL alone and induction of apoptosis requires additional treatment with other chemotherapeutic agents that induce various changes in the apoptotic pathway (6 -9) . The resistance of normal cells to TRAIL and the differential sensitivity of cell lines and tumor types is not presently understood. Furthermore, the resistance of osteosarcoma to cytotoxic agents is a serious problem in patient management.
TRAIL interacts with the cell surface through four distinct membrane-bound receptors, inducing apoptosis by acting through death receptor 4 (DR4) and death receptor 5 (DR5), which have cytoplasmic death domains. In cells that express both death receptors, heterocomplexes can be formed (10) . Apoptosis can be triggered independently through either DR4 or DR5; DR4 and DR5 do not seem to have distinct functions and behave similarly, binding TRAIL with comparable binding affinities (11) . TRAIL also binds to the decoy receptors DcR1, which lacks a death domain and is bound to the cell surface via a glycosyl-phosphatidylinositol anchor, and DcR2, which has a truncated death domain, as well as to another soluble member of the tumor necrosis factor -related superfamily expressed by osteoblastic cells, the decoy receptor osteoprotegerin (12, 13) . Cells may therefore express different patterns of death-inducing and decoy receptors, and it has been suggested that expression of the decoy receptors may confer TRAIL resistance (5, 11, 14, 15) .
TRAIL forms a homotrimer containing a zinc atom essential for stability and optimal activity (16) . On binding to the death receptors, TRAIL initiates apoptosis by inducing receptor trimerization, clustering of the intracellular death domains, and the recruitment of the specific cytoplasmic protein Fas-associated death domain (FADD) (17, 18) . FADD contains both a death domain and death effector domain, which allow it to recruit caspase-8 to DR4 and/or DR5 shortly after binding to form the death-inducing signaling complex (10, 17, 19, 20) . Additional studies have shown that, in some cases, tumor necrosis factor receptor 1 -associated death domain may also be recruited by both DR4 and DR5, resulting in both activation of nuclear factor-nB and induction of c-Jun NH 2 -terminal kinase (JNK) activity (21 -24) . Overexpression of DR5 is also able to induce spontaneous cell death by clustering of the death domains (25) .
One study has shown that osteogenic sarcoma cells in culture (BTK-143) gradually acquire TRAIL resistance due to progressive acquisition of the decoy receptor DcR2 (26) . However, the pattern of receptor expression does not correlate to the TRAIL responsiveness of the cells concerned, and expression of decoy receptors is not sufficient to confer resistance (27, 28) . Whereas the death receptors are also able to activate the antiapoptotic nuclear factor-nB pathway, the decoy receptors are believed to lack this property and in contrast are able to block nuclear factor-nB activation via the death receptors. Thus, loss of decoy receptor activity could in fact lead to a prosurvival signal.
There is some recent evidence that DNA-damaging chemotherapy up-regulates expression of DR4 and DR5, increasing the response to TRAIL (29) , whereas irradiation may specifically up-regulate DR5 (30) . These facts suggest that an agonist antibody to a TRAIL receptor may be a good candidate for anticancer therapy. Use of such TRAIL receptor-selective therapy could also avoid escape from the effects of TRAIL via decoy receptor -mediated antagonism, allowing the use of a lower therapeutic dose. Such an approach has not hitherto been used in the treatment of osteosarcoma and thus may provide an important new approach to treatment of this difficult disease.
Materials and Methods

Reagents
Recombinant human osteoprotegerin, anti-human osteoprotegerin neutralizing antibody, recombinant human TRAIL, and anti-human DR5 agonist antibody were purchased from R&D Systems. Anti-human DR4 agonist antibody, soluble DR5 protein, and anti -glyceraldehyde-3-phosphate dehydrogenase (GAPDH) polyclonal antibody were purchased from Abcam, and anti-human DR4 antagonist antibody and anti-FLIP monoclonal antibody were from Alexis. Polystyrene microspheres were from Polysciences, Inc. Fluorescence-activated cell sorting supplies were provided by Becton Dickinson UK Ltd. Caspase-3 inhibitor II (Z DEVD FMK), caspase-8 inhibitor II (Z IETD FMK), and caspase-9 inhibitor I (Z LEHD FMK) were all from Calbiochem/VWR. Anti-Bim polyclonal antibody and anti-cleaved caspase-3 antibody were purchased from Calbiochem. Anti-Bax polyclonal antibody was from Cell Signaling Technology (New England Biolabs). Anti-Bcl-2, anti-Bcl-X L , and anti-Mcl-1 antibodies were from Santa Cruz Biotechnology. All other chemicals were from Sigma-Aldrich Ltd. unless otherwise stated.
Cell Culture The human osteosarcoma cell line MG-63 was obtained from the American Type Culture Collection and the immortalized human osteoblast-like cell line hPOB-tert (31) was kindly provided by Nestec Ltd. (Nestlé Research Center). Primary human bone marrow cells were isolated from explants of trabecular bone marrow obtained, with informed consent and the approval of the hospital ethics committee, from patients undergoing routine hip replacement surgery. All were cultured as previously described (32, 33) .
Treatment with TRAIL or TRAIL Receptor Agonist Antibodies TRAIL and anti-DR5 were supplied lyophilized and reconstituted in PBS with 0.1% bovine serum albumin. Anti-DR4 was supplied as a solution in PBS. Both TRAIL and anti-DR5 were added in solution to culture medium, whereas anti-DR4 needed to be immobilized on plastic to exert its agonistic effect. The antibody was allowed to bind to plastic, either the tissue culture plate or 1 Am polystyrene beads of the same surface area, at 37jC for 2 h, after which unbound antibody was washed off before the cells were added. Cells were treated with TRAIL or the receptor agonist antibodies for 72 h. This time was chosen because although there was a small response at 24 h, differences between treatment conditions were much more evident at 72 h.
Measurement of Osteoprotegerin Production
Osteoblast-like cells were plated at a density of 2.5 Â 10 4 /mL into 24-well plates (Costar) and allowed to adhere in their usual culture medium. Osteoprotegerin concentration was measured by ELISA using a commercially available kit (R&D Systems) as described previously (32) .
Analysis of Receptor Expression by Flow Cytometry
Cells were trypsinized and then resuspended in tissue culture medium and incubated at 37jC, with gentle mixing, Targeting TRAIL Receptor Induces Osteosarcoma Apoptosis for 3 to 4 h to allow regeneration of the receptors. They were then washed once in 1 mL wash buffer (PBS containing 1% FCS), resuspended in 100 AL wash buffer, and labeled with mouse anti-human DR4, mouse antihuman DR5 (Diaclone), mouse anti-human DcR1, or mouse anti-human DcR2 (R&D Systems) or an isotype control mouse IgG 1 (Diaclone) or IgG 2B (R&D Systems) for 30 min. All antibodies were directly conjugated to phycoerythrin. Cells were then washed twice in PBS and resuspended in 300 AL PBS for flow cytometric analysis. The level of phycoerythrin fluorescence was measured using a FACSCalibur flow cytometer (Becton Dickinson).
Identification and Quantification of Apoptotic Cells
Cells were plated at a density of 2 Â 10 4 /mL into 24-well plates (Costar) and allowed to adhere for 24 h. Cells were then treated with either 50 ng/mL TRAIL or 1 Ag/mL anti-DR5 or exposed to plastic previously coated with 100 Ag/mL anti-DR4. The proportion of apoptotic cells was determined either by measurement of Alamar Blue fluorescence or by using a fluorescence in situ nick translation assay. In many cases, the measurement of apoptosis was conducted in parallel with cell counts. For the nick translation assay, the presence of apoptotic cells was detected by flow cytometric analysis after the incorporation of FITC-labeled dUTP into DNA strand breaks as described previously (34) . The nick translation assay, originally proposed by Nose and Okamoto (35) , is very sensitive, allows detection and quantification of both DNA damage and repair, and distinguishes between various types of induced damage, including apoptosis. Extensive DNA degradation is a characteristic event that occurs in the late stages of apoptosis. Cleavage of the DNA yields characteristic single-strand breaks (''nicks''), which can be detected by enzymatic labeling of the free 3 ¶-OH termini with modified nucleotides.
Apoptosis was confirmed in separate experiments by visualization of nuclear morphology after 4 ¶,6-diamidino-2-phenylindole staining (DAPI). Cells were fixed in 4% formaldehyde, stained with 1 Ag/mL 4 ¶,6-diamidino-2-phenylindole, and visualized as described previously (32) .
Analysis of Protein Expression by Western blot
Following appropriate treatment, subconfluent cell cultures were collected, together with medium, and washed in buffer containing 1 mmol/L each of EDTA and phenylmethylsulfonyl fluoride and then lysed in buffer consisting of 1 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 1% NP40 and 0.1% SDS in TBS. The cell suspension was sonicated for 15 s and then ultracentrifuged at 12,000 rpm for 10 min at 4jC and protein content of the supernatant was measured by the detergentcompatible bicinchoninic acid protein assay (Pierce). Equal amounts of each extract were then added to 0.5 volumes 3Â Laemmli sample buffer (Bio-Rad) and denatured at 95jC for 5 min.
Samples were subjected to SDS-PAGE on 10%, 12%, or 14% gels followed by transfer to polyvinylidene difluoride membranes (Millipore). The membranes were blocked in TBS with 3-10% fat-free milk powder and 0.1% Tween 20 at room temperature before incubation with optimal dilutions of the appropriate primary antibody overnight at 4jC. Secondary antibodies conjugated to horseradish peroxidase [anti-rabbit IgG peroxidase-linked species-specific F(ab ¶) 2 fragment from donkey (Amersham Biosciences) or immunopure goat anti-rabbit IgG H+L peroxidase conjugated (Pierce)] were then added. Antigen-antibody complexes were detected using either enhanced chemiluminescence reagents (Amersham Biosciences) or SuperSignal (Pierce) and light emission was captured using CL-XPosure film (Pierce) with an exposure time varying from 10 s to 60 min. Membranes were subsequently stripped and then reprobed for the loading control glyceraldehyde-3-phosphate dehydrogenase.
Treatment with Caspase Inhibitors Caspase activity was blocked by treating cell cultures with inhibitors of caspase-3 (Z DEVD FMK), caspase-8 (Z IETD FMK), and caspase-9 (Z LEHD FMK). The inhibitors were dissolved in DMSO and added to cultures at a final concentration of 100 Amol/L at the same time as other treatments; 1% DMSO alone was used as control.
Caspase Assays Activity of caspase-3/7 was measured in cultured cells using a Promega Apo-ONE Homogeneous Caspase-3/7 assay according to the manufacturer's instructions.
Sequence Analysis To identify mutations in DR4, sections of exon 10 were amplified and sequenced. DNA was isolated from cells using the Qiagen FlexiGene kit following the manufacturer's instructions. Primers were designed to amplify the appropriate section based on the sequence of DR4 published by Kim et al (36) . DNA (5 AL) was amplified by PCR in a total volume of 50 AL containing 2 mmol/L MgCl 2 , 50 mmol/L KCl, 20 mmol/L Tris-HCl, 200 Amol/L deoxynucleotide triphosphates, 0.2 Amol/L primers (described below), and 1 unit Platinum Taq DNA polymerase (Invitrogen). Amplification was done in an MBS satellite thermal cycler (Thermo Hybaid). The first cycle was 94jC for 10 min followed by denaturation at 94jC, annealing at 65jC, and extension at 72jC, with a final cycle of 72jC for 10 min.
The primer sequences were as follows: 5 ¶-TCATCTGGC-TGTCTCTGTGG-3 ¶ (forward) and 5 ¶-AACACCTAAGAG-GAAACCTCTGG-3 ¶ (reverse).
PCR products were purified using Millipore MANU3050 filter plates, then 5 AL of the product were amplified in a 20 AL sequencing PCR containing 2 AL Ready Reaction Premix, 2 AL BigDye sequencing buffer, 1 AL 3.2 Amol/L either primer, and 10 AL water for 25 cycles of 96jC for 10 s, 50jC for 5 s, and 60jC for 4 s. The PCR product was purified using Sephadex G50 gel and sequenced using an ABI Prism 3700 sequencer with SeqScape software.
Statistical Analysis All of the experiments were done in quadruplicate and repeated on at least two separate occasions unless stated otherwise. Results are expressed as mean F SE. Comparisons between control and treatment groups were done using Student's t test where only two groups were compared. Comparisons between multiple groups were done using a one-way ANOVA with Tukey's or Dunnett's post hoc test. Significance was assumed at P < 0.05.
Results
Osteoblastic Cells Vary in Their Response to TRAIL or the Agonist Antibodies Anti-DR4 and Anti-DR5
Analysis of cell viability showed that none of the cell lines tested respond to TRAIL, except for a small response at very high concentrations in MG-63 cells after 72 h. In contrast, an agonist antibody to DR5 potently reduces the viable cell number of MG-63 cells but has no effect on other cells tested over the same period of exposure (Fig. 1A) .
Nontumoral
Analysis of cell surface receptor expression by fluorescence-activated cell sorting showed that MG-63 cells express both of the death receptors DR4 and DR5 but neither of the decoy receptors, whereas hPOB-tert cells express DR5 and DcR2 (Fig. 1B) . Of other cell lines tested, Saka stromal cells, Cal72 osteosarcoma cells, and primary human osteosarcoma cells express DR4, DR5, and DcR2; primary human marrow stromal cells express DR5 and DcR2; and 143B osteosarcoma cells express DR4 and DR5, whereas SaOS-2 osteosarcoma cells do not appear to express any of the TRAIL receptors on the cell surface.
MG-63 Osteosarcoma Cells and hPOB-tert Osteoblast-like Cells Do Not Respond to TRAIL, But MG-63 Cells Undergo Apoptosis in Response to a DR5 Agonist Dose-response analysis of MG-63 human osteosarcoma cells and hPOB-tert osteoblast-like cells in culture with TRAIL or the agonists anti-DR4 or anti-DR5 showed that hPOB-tert cells do not respond to TRAIL with a reduction in viability, whereas MG-63 cells show a small reduction in viability of 15% to 20% as measured by Alamar Blue fluorescence ( Fig. 2A) . However, MG-63 cells do respond at very high concentrations with a reduction in viability of f90% at a concentration of 1,000 ng/mL. In contrast, anti-DR5 has a potent effect on MG-63 cells but no effect on hPOB-tert cells, and the reduction in viability is due to apoptosis as confirmed by nick translation assay (Fig. 2B) . The agonist anti-DR4 also induces a small degree of apoptosis in MG-63 cells at very high concentrations; again, hPOB-tert cells are not affected (Fig. 2A) . The presence of apoptotic nuclei in anti-DR5-treated cultures, and to a far lesser extent in anti-DR4-treated cultures, was confirmed by 4 ¶,6-diamidino-2-phenylindole staining (Fig. 2C) . The agonist antibodies were also confirmed to have no effect on normal human nonmalignant osteoblasts or bone marrow stromal cells (data not shown).
The Resistance of Osteoblastic Cells to TRAIL Is Not Due to Their Production of the Soluble Decoy Receptor Osteoprotegerin
Osteoprotegerin is known to bind TRAIL, and we have shown that recombinant human osteoprotegerin, or conditioned medium from osteoblast-like cells that contains high levels of osteoprotegerin (measured by ELISA), can block the effects of TRAIL in vitro (32) . It has been suggested that the large amounts of osteoprotegerin produced by MG-63 cells could be responsible for conferring their immunity to B, analysis of cell surface TRAIL receptor expression by a variety of human osteoblast-like cell lines and primary cultures showed variable patterns of expression. 143B and MG-63 osteosarcoma cells express DR4 and DR5; Cal72 osteosarcoma cells, Saka stromal cells, and primary osteosarcoma cells express DcR2, DR4, and DR5; while the nontumoral osteoblastic line hPOB-tert and primary marrow stromal cells express DcR2 and DR5, whereas SaOS-2 cells do not appear to express any TRAIL receptors on the cell surface. The pattern of receptor expression was not altered by exposure to TRAIL (data not shown). *, P < 0.05; **, P < 0.01, compared with appropriate control.
TRAIL. However, treating the cells with TRAIL in the presence of excess of a neutralizing antibody to osteoprotegerin (20 Ag/mL) did not render MG-63 cells more susceptible to TRAIL (Fig. 3A) . The neutralizing antibody also had no effect on hPOB-tert cells, which produce levels of osteoprotegerin 1,000-fold lower that MG-63 cells and do not respond to TRAIL alone (Fig. 3A) .
Apoptosis Induced by TRAIL Agonists Is due to Activation of the Canonical Caspase-Dependent Pathway
Measurement of caspase-3/7 activity in MG-63 cell cultures confirmed that whereas anti-DR5 induced a large increase in activity, anti-DR4 had no effect except at very high concentrations (Fig. 3B) . To further confirm that TRAIL or the anti-DR5 agonist activates the classic Figure 2 . A, TRAIL and the agonist antibody anti-DR4 both caused a decrease in cell number of MG-63 cells at the highest concentrations tested, whereas anti-DR5 had a potent effect on MG-63 cells at all doses; in contrast, hPOB-tert cells were completely unaffected. B, nick translation assay confirmed that MG-63 cell death is due to apoptosis and showed that anti-DR5 (1 Ag/mL) was able to increase apoptosis of MG-63 cells from a basal level of <4% to >40%. C, 4 ¶,6-diamidino-2-phenylindole staining of MG-63 cell cultures showed extensive numbers of cells with the nuclear morphology typical of apoptotic cells in cultures treated with anti-DR5 (1 Ag/mL) and to some extent in those treated with anti-DR4 (100 Ag/mL) but not in those treated with TRAIL (50 ng/mL) after 72-h exposure. **, P < 0.01, compared with control. Data show a typical result obtained in at least three experiments with four replicates. apoptosis pathway, we treated MG-63 cells with TRAIL (Fig. 3C ) or anti-DR5 (Fig. 3D) together with inhibitors of caspase-3, caspase-8, or caspase-9. Any one of the inhibitors was able to completely reverse the effect of the agonist.
Treatment with Cycloheximide Increases the Sensitivity of MG-63 Cells toTRAIL and Anti-DR5 and Is Also Able to Sensitize hPOB-tert Cells to Both Agents Cycloheximide inhibits protein translation and as such can shed light on whether new protein synthesis is involved in protection from apoptosis. Although MG-63 cells are largely unresponsive to TRAIL at normal concentrations, very high concentrations (1,000 ng/mL) do induce an effect, and this sensitivity can be increased by treatment with cycloheximide (1 Ag/mL). In hPOB-tert cells, which are completely unresponsive to TRAIL at any of the concentrations tested, cotreatment with cycloheximide was also able to confer TRAIL sensitivity on these cells (Fig. 4A) . A similar increase in sensitivity was observed with anti-DR5 in combination with cycloheximide (Fig. 4B) . This suggested that synthesis of antiapoptotic protein(s) could contribute to the defense of the cells against TRAILinduced apoptosis.
Expression of Major Apoptotic and Antiapoptotic Proteins Does Not Differ Significantly between MG-63 and hPOB-tert Cells, and No Changes Are Apparent following Treatment with TRAIL or Anti-DR5
We analyzed expression of the antiapoptotic protein cFLIP, a key component of the extrinsic pathway, as well as Bcl-2, Bcl-X L and Mcl-1, antiapoptotic proteins involved in the intrinsic pathway characterized by activation of caspase-9, which can augment the response to extrinsic signals. An increase in expression of any of these proteins could thus confer a protective effect. However, the difference in sensitivity to TRAIL between MG-63 and hPOB-tert cells could not be explained by any significant differences in the basal levels of cFLIP, Bcl-2, Bcl-X L , or Figure 3 . A, the addition of a neutralizing antibody to osteoprotegerin (OPG ; 20 Ag/mL) in combination with TRAIL (50 ng/mL) had no effect on levels of apoptosis in cultures of MG-63 or hPOB-tert cells, confirming that osteoprotegerin produced by these cells is not responsible for any protective effect.
B, treatment of MG-63 cells with anti-DR5 (1 Ag/mL) resulted in a significant increase in caspase-3 activity, whereas anti-DR4 had very little effect except at the highest concentration (100 Ag/mL). RFU, relative fluorescence units. Treating MG-63 cells with TRAIL (50 ng/mL; C) or anti-DR5 (1 Ag/mL; D) in combination with caspase inhibitors completely blocked the reduction in cell numbers, showing that cell death involves the caspase-dependent apoptosis pathway in both cases. C3, inhibitor of caspase-3; C8, inhibitor of caspase-8; C9, inhibitor of caspase-9. *, P < 0.05; **, P < 0.01, compared with appropriate control. Data show a typical result obtained in at least three experiments with four replicates.
Mcl-1 proteins, as analyzed by Western blotting (data not shown). Analysis of the cells following treatment with TRAIL or anti-DR5 also showed no significant changes. Some other cells are reported to have developed TRAIL resistance as a result of loss of caspase expression (37); however, Western blotting also showed normal levels of expression of both caspase-3 and caspase-8.
MG-63 Osteosarcoma Cells Are Heterozygous for a Dominant-Negative Mutation in DR4
Sequencing of exon 10 containing the death domain of DR4 from several osteoblast-like cell lines revealed that MG-63 cells alone are heterozygous for a single-base substitution previously identified in other cell types (36) as a dominant-negative form of the TRAIL death receptor (Fig. 4C) . This A to G substitution results in an arginine to lysine alteration at codon 441.
Discussion
In this study, we show that resistance of osteosarcoma cells to TRAIL can be overcome by the use of the appropriate receptor agonists, thus opening up new therapeutic possibilities for conditions that have been hitherto very difficult to treat.
Both MG-63 osteosarcoma cells and hPOB-tert human osteoblast-like cells are resistant to the proapoptotic effect of TRAIL. However, MG-63 cells, but not hPOB-tert cells, undergo apoptosis in response to the TRAIL receptor agonist antibody anti-DR5. Expression of the decoy receptors has been suggested to confer TRAIL resistance (5, 14, 26) , and hPOB-tert cells express high levels of both DR5 and DcR2, suggesting expression of the decoy receptor as an obvious defense mechanism. However, hPOB-tert cells are also unaffected by the agonist anti-DR5, showing that expression of the decoy receptor is not responsible for conferring resistance. We also show that the resistance of MG-63 cells is not due to their innate or acquired expression of decoy receptors, as they respond to TRAIL at high concentrations and do not express the decoy receptors on the cell surface, either constitutively or following TRAIL exposure. Similarly, expression of the decoy receptor osteoprotegerin is a possible mechanism by which cells may protect themselves from TRAIL (32) and osteoprotegerin is known to act as a survival factor for other cancer cell types, including breast and prostate cancer (38, 39) . We have previously shown that osteoprotegerin produced by osteoblastic cells can protect sensitive cells against TRAIL-induced apoptosis, suggesting that osteoprotegerin may function as a paracrine survival factor in the bone marrow microenvironment (32) . However, we show that blocking the action of osteoprotegerin by the addition of an excess of a neutralizing antibody to osteoprotegerin does not render MG-63 cells sensitive to TRAIL.
In some cases, clustering of death receptors in the absence of binding can result in cell death, and some agonist antibodies have been shown to result in receptor clustering (40). Thus, clustering of DR5 when bound by the agonist anti-DR5 is a possible mechanism underlying the apoptotic effect in MG-63 cells; however, as this effect is not observed in hPOB-tert cells, which also express high levels of DR5, it is unlikely to be responsible for the resistance.
We confirm that the action of TRAIL and anti-DR5 in inducing apoptosis involves the classic caspase pathway, as shown by increased expression and activity of caspase-3/7 and the blocking of apoptosis by caspase inhibitors. A recent study found that one mechanism of TRAIL resistance involved loss of procaspase-8 protein expression, likely due to a point mutation in the gene (41) . However, Western blotting showed expression of caspase-3 and caspase-8 by MG-63 cells in our study (data not shown).
Other possible mechanisms of resistance include changes in expression of apoptotic or antiapoptotic proteins further down the signaling pathway, such as increased expression of cFLIP, the inhibitory caspase-8 analogue, which has been reported in several other cell types and cancer cell lines with varying TRAIL responses (36, 42) . However, Western blot analysis has shown no significant difference in the basal levels of any proteins examined.
One recent study identified several homozygous mutations in DR4 in MG-63 cells (43) . These mutations were absent in SaOS-2 cells that exhibited a dose-dependent sensitivity to TRAIL. A polymorphism in the death domain of DR4 has also been identified in a variety of cancer cell lines (36) , leading to dominant-negative inhibition of cell signaling; this mutation in exon 10 was an A to G substitution resulting in an arginine to lysine alteration at codon 441 and was identical to one of those identified in MG-63 cells. Thus, changes to the receptors could affect signaling while leaving receptor expression unaffected.
We show that MG-63 cells are heterozygous for a mutation in DR4, which, in other cell types, can confer resistance to TRAIL. This polymorphism has been identified in DNA isolated from the blood of 20% of the normal population and inhibits DR4-mediated cell killing in a dominant-negative fashion (36) . This would suggest that this mechanism could underlie the resistance of MG-63 cells to TRAIL in our study. This hypothesis is supported by another recent study showing that loss of DR4 expression is sufficient to confer TRAIL resistance in cells expressing both DR4 and DR5 (41) . However, because MG-63 cells express both DR4 and DR5, with DR5 being present at far higher levels than DR4, there is still the possibility that TRAIL could act through DR5. In fact, there is some recent evidence that DR5 may make a greater contribution to apoptosis signaling than DR4 (16, 44) , although this remains controversial and may depend on cell type (45) . DR5 can also be up-regulated by irradiation or chemotherapy, leading to an increased response to TRAIL (44) . These differences may be the result of differing responses to multimerization of TRAIL, with DR5 responding to higher-order multimerization as suggested by studies with cross-linked or non -cross-linked TRAIL (41, 46) ; again, this is controversial (16) . Thus, it is possible that the DR5 agonist antibody may induce apoptosis by causing multimerization of the receptor to a greater extent than TRAIL alone. However, the TRAIL receptor acts as a trimer and may form heterotrimers as well as homotrimers, although the way in which these receptors interact in a heterotrimer is not known (10) . The dominant-negative DR4 could thus trimerize with either one or two normal DR5 species and block their function, in addition to forming inactive homotrimers. Thus, a dominant-negative mutation in DR4 in MG-63 cells seems a likely scenario for rendering the cells refractive to TRAIL treatment. This hypothesis is supported by the lack of effect of the agonist antibody anti-DR4 on MG-63 cells, except at very high concentrations when it is possible it may act through the normal allele; however, this would only occur in trimers of the normal form, which are likely to occur at a low rate compared with trimers of the mutant DR4 or trimers of this in combination with normal DR4 or DR5 species. This suggests that, in the presence of TRAIL that binds to both DR4 and DR5, the dominant-negative form of the receptor may block signaling except at concentrations that are high enough to saturate all available receptors and override the effect, whereas the agonist anti-DR5, acting through DR5 alone, induces apoptosis.
Treatment of both MG-63 and hPOB-tert cells with cycloheximide is able to sensitize both cell lines to TRAIL. This suggests that the resistance of hPOB-tert cells and of MG-63 cells to physiologic levels of TRAIL, is mediated by some other mechanism involving protein synthesis, which is blocked by cycloheximide treatment. As the hPOB-tert cells are a nontumoral cell line, it is likely that this mechanism reflects the resistance of most normal cells to TRAIL, whereas in MG-63 cells the process of transformation may have involved acquisition of an additional resistance mechanism to avoid the host immune response to cancerous cells. Exactly what proteins are involved in the resistance of nontransformed cells remains to be investigated.
A very recent publication (29) has shown that treatment of osteosarcoma cells, including MG-63 cells, with sulforaphane induces an increase in DR5 expression, which leads to an increased response to TRAIL. Although both sulforaphane and TRAIL were largely ineffective alone, when used in combination they were able to induce a significant increase in apoptosis. This raises the possibility that sulforaphane treatment in combination with a DR5 agonist would be even more effective in providing a targeted treatment for osteosarcoma as well as other cancers and would have the added benefit of being harmless to nonmalignant cells, unlike other antitumor agents such as etoposide or doxorubicin.
In conclusion, these findings show that an agonist antibody to an active TRAIL receptor provides a mechanism for overcoming the resistance of cells to the cytotoxic effects of TRAIL, which cannot be overridden by the intrinsic defense mechanisms of the cells. A detailed knowledge of the active receptors expressed by a particular tumor could thus enable treatment to be tailored specifically for that cell type, making treatment far more effective as well as reducing side effects and thus improving patients' quality of life. Thus, the use of TRAIL receptor agonists could provide a novel therapeutic approach to cancers, such as osteosarcomas, which have hitherto proven extremely difficult to treat using existing therapies.
